An easily accessible formamidinate ligand-bearing titanium complex initially synthesized by Eisen et al. is used as catalyst for intermolecular hydroaminoalkylation reactions of unactivated, sterically demanding 1,1-and 1,2-disubstituted alkenes and styrenes with secondary amines. The corresponding reactions, which have never been achieved with titanium catalysts before, take place with excellent regioselectivity (up to 99 : 1) and in addition, corresponding reactions of 1,3-butadienes with N-methylbenzylamine are also described for the first time.
Introduction
The direct addition of α-C(sp 3 )-H bonds of primary or secondary amines across C-C double bonds, the so-called hydroaminoalkylation of alkenes, represents a very promising and atomefficient approach towards the synthesis of various nitrogencontaining molecules. 1 Due to the fact that the formed α-alkylated amines are of great importance in the agrochemical, fine chemical and pharmaceutical industries 2 a plethora of suitable hydroaminoalkylation catalysts has already been identified in recent years. [3] [4] [5] [6] [7] Although hydroaminoalkylation reactions can be achieved in the presence of ruthenium, 3 iridium, 4 group 5 metal, 5 zirconium, 6 or titanium catalysts 7 a number of limitations in scope still exists. For example, ruthenium and iridium catalysts can only be used for hydroaminoalkylation reactions of amine substrates bearing a directing 2-pyridinyl substituent bound to the nitrogen atom of the amine. 3, 4 Furthermore, zirconium complexes only catalyze intramolecular hydroaminoalkylation reactions of primary aminoalkenes. 6 On the other hand, group 5 metal 5 and titanium catalysts 7 have successfully been applied for the intermolecular hydroaminoalkylation of alkenes, styrenes and 1,3-butadienes. For example, the conversion of styrene (1) into the corresponding hydroaminoalkylation products 3a and 3b (Scheme 1) could be achieved in the presence of tantalum or titanium catalysts.
5m,7d,g,i
In this context, it is worth mentioning that the regioselectivity of hydroaminoalkylation reactions of styrenes can simply be controlled by the nature of the catalyst. Whereas in the presence of Ta(NMe 2 ) 5 , the branched product 3a is formed almost exclusively, 5m the aminopyridinato titanium catalysts 4 and 5 favor the formation of the corresponding linear hydroaminoalkylation product 3b. 7g,i However, so far, the use of titanium catalysts is limited to hydroaminoalkylation reactions of sterically less demanding mono-substituted alkenes, styrenes, or 1,3-butadienes with N-alkylanilines or dialkylamines. Among the class of sterically more demanding disubstituted alkenes, only norbornene 7b-d,g and methylenecyclohexane 7c,g were found to undergo hydroaminoalkylation reactions in the Scheme 1 Intermolecular hydroaminoalkylation of styrene (1) with N-methylaniline (2) catalyzed by group 4 and group 5 metal catalysts.
presence of selected titanium catalysts. On the other hand, hydroaminoalkylation reactions of sterically demanding 1,1-and 1,2-disubstituted alkenes are well known for group 5 metal catalysts. 5c,e-g,i,k,l,n Most impressively, very recently, Schafer et al. reported a 2-pyridonate tantalum catalyst that is able to catalyze high-yielding hydroaminoalkylation reactions of sterically demanding E-and Z-internal alkenes like cyclohexene, (E)-and (Z)-3-hexene, (Z)-β-methylstyrene or (E)-1-( paramethoxyphenyl)propene. 5n In the latter two cases, hydroaminoalkylation at the β-carbon of the β-substituted styrene derivatives is favored but only modest regioselectivities (up to 4.4 : 1) could be achieved. The mechanism of group 4 and 5 metal-catalyzed hydroaminoalkylation reactions has already been studied 1,5c,d,i,6,7e and it is generally accepted that the amine substrate undergoes N-H and C-H bond activation in the presence of the catalyst precursor to give a strained metallaaziridine as the catalytically active species. Subsequent alkene insertion into the M-C bond of the metallaaziridine which determines the regioselectivity of the over-all transformation then results in the formation of a 2-metallapyrrolidine. Finally, aminolysis of the M-C bond of the five membered intermediate and product-forming C-H bond activation regenerate the catalytically active metallaaziridine.
Herein, we present the first example of a titanium-based catalyst for intermolecular hydroaminoalkylation reactions of unactivated, sterically demanding 1,1-and 1,2-disubstituted alkenes and styrenes with secondary amines. The corresponding reactions take place with excellent regioselectivity (up to 99 : 1) and the formamidinate ligand-bearing catalyst is also capable of catalyzing reactions of 1,3-butadienes with N-methylbenzylamine.
Results and discussion
In order to develop a more efficient catalyst system that is able to expand the substrate scope of the titanium-catalyzed intermolecular hydroaminoalkylation of alkenes, we recently focused on ligand motifs which are structurally similar to the aminopyridinato ligands of the second-generation hydroaminoalkylation catalysts 4 and 5 (Scheme 1). In this context, it must be mentioned that the chelating heteroallylic N-C-N unit of the aminopyridinato ligands that binds to the titanium center can also be found in the well-known class of amidinate ligands [R 1 -C(NR 2 ) 2 ] − . A variety of corresponding group 4 amidinate complexes has already been used as catalysts in the polymerization of olefins by Eisen et al. 8 and a particular advantage of this class of catalysts is that the ligands are easily prepared and modified. 8a On the other hand, corresponding catalysts have never been used for hydroaminoalkylation reactions of alkenes.
During an investigation of various titanium formamidinate catalysts we found that complex 6 (Scheme 2) which bears 2,6-diisopropylphenyl groups as the amidinate N-substituents 8a is a highly active catalyst for the hydroaminoalkylation of styrene (1) with N-methylaniline (2) . Under usually applied conditions (10 mol% 6, n-hexane, 140°C, 96 h, sealed Schlenk tube), 7g,i the reaction took place smoothly to give a mixture of the two regioisomeric hydroaminoalkylation products 3a and 3b in an excellent total yield of 96%. Unfortunately, the regioselectivity of the reaction which in this case, favors the formation of the branched product 3a was only modest (3a/3b = 73 : 27). However, an interesting finding is the fact that in comparison to the structurally related aminopyridinato catalysts 4 and 5, the regioselectivity is reversed with the formamidinate catalyst 6. Impressed by the high catalytic activity of complex 6 and the clean formation of the desired hydroaminoalkylation products 3a and 3b, we further investigated whether complex 6 is also able to catalyze intermolecular hydroaminoalkylation reactions of sterically more demanding disubstituted alkenes with N-methylaniline (2, Table 1 ).
As can be seen from Table 1 , a number of successful hydroaminoalkylation reactions of 1,1-and 1,2-disubstituted alkenes and styrenes with N-methylaniline (2) can be achieved at elevated temperatures (140-180°C) in the presence of 10 mol% of catalyst 6. For example, methylenecyclohexane (7, Table 1 , entries 1 and 2) regioselectively reacted to the corresponding branched amine 21a which could be isolated in excellent yield of 90%. Even though bulky 1,1-diphenylethylene (8) did not react at all under the applied conditions (Table 1, entries 3  and 4) , α-methylstyrene (9) and para-α-dimethylstyrene (10) could be converted regioselectively to the corresponding branched hydroaminoalkylation products 22a and 23a, respectively (Table 1 , entries 5-8). In these cases, the yields of the reactions were significantly improved by increasing the reaction temperature from 140°C to 180°C. Finally, it was possible to isolate the branched products 22a and 23a in 86% and 91% yield, respectively. Although a corresponding dependence on the reaction temperature had not been observed during the initially performed reactions of methylenecyclohexane (7, Table 1 , entries 1 and 2) we performed most additional reactions presented in Table 1 at 180°C. A similar observation was made when reactions of 7 or 9 were conducted with reduced reaction times of 24 h or 48 h. While the reduced reac- tion times did not affect the conversion of methylenecyclohexane (7, 89% yield of product 21a after 24 h), corresponding reactions of α-methylstyrene (9) gave product 22a in significantly reduced yields (76% after 48 h and 67% after 24 h). As a consequence, we performed all additional experiments with a reaction time of 96 h. To the best of our knowledge, the results obtained with styrenes 9 and 10 represent the first successful examples of group 4 metal-catalyzed hydroaminoalkylation reactions of α-substituted styrene derivatives. In addition, it is worth to mention that only two examples of a corresponding reaction catalyzed by a group 5 metal catalyst have been described in the literature 5k,m and in this case, the yield was only modest (61%). An additional finding that underlines the high catalytic activity of 6 is the fact that with this catalyst, it was even possible to react the 1,2-disubstituted substrate (E)-β-methylstyrene (11) with N-methylaniline (2, Table 1 , entries 9 and 10). Interestingly and in contrast to the reaction of α-methylstyrene, the hydroaminoalkylation took place regioselectively at the sterically less shielded β-carbon of the double bond and correspondingly, the regioisomer 24b could be isolated as the sole product of the reaction in 64% yield. Most impressively, the regioselectivity of the reaction was found to be 24a/24b = 1 : 99. Previously, only two successful hydroaminoalkylations of β-substituted styrene derivatives had been achieved with a tantalum catalyst 5n and in these cases, the regioselectivities were only modest (1 : 2.0 and 1 : 4.4). The well-established fact that hydroaminoalkylation product 24b can be obtained from allylbenzene under much milder conditions 5e is strongly underlined by a hydroaminoalkylation reaction between allylbenzene and N-methylaniline (2) performed at 140°C in the presence of 10 mol% of catalyst 6. While under these conditions, (E)-β-methylstyrene (11) gave 24b only in 17% yield (Table 1 , entry 9), 24b was obtained in 87% yield from allylbenzene. Interestingly, isomerization of (E)-β-methylstyrene (11) to allylbenzene during the reactions of 11 could not be observed by GC analysis. Additional experiments with indene (12, Table 1 , entry 11) then revealed that even this challenging substrate undergoes successful hydroaminoalkylation with 2. Although the reaction delivered the two regioisomers 25a and 25b in 97% combined yield, the regioselectivity was found to be surprisingly low (25a/25b = 34 : 66). However, as can be seen from Table 1 , entries 12-15, sterically more demanding internal alkenes like 13-16 failed to react in the presence of catalyst 6. On the other hand, it was possible to convert (E)-2-octene (17) to a mixture of the corresponding hydroaminoalkylation products 26a and 26b (Table 1 , entry 16) but in this case, the yield and the regioselectivity of the reaction turned out to be poor. In contrast to the disappointing behavior of the 1,2-dialkyl-substituted (E)-alkenes 15-17, the (Z)-double bond-containing substrates cyclopentene (18) and cyclohexene (19) gave access to the corresponding hydroaminoalkylation products 27 and 28 in reasonable yields of 75% and 72%, respectively (Table 1 , entries 17 and 18). In this context, it can be noted that additional alkyl-substituted cyclohexenes like 4-methyl-or 3-methylcyclohexene also underwent high-yielding hydroaminoalkylation reactions with 2 but unfortunately, formation of four inseparable regio-and diastereomers was observed in both reactions. As the result, all attempts on a precise structure assignment of the isomers failed so far. With regard to catalyst stability it can be stated that longer reaction times do not necessarily lead to improved yields. For example, reactions of cylohexene (19) with N-methylaniline (2) gave comparable yields of product 28 after 96 h (72%, that only the monoalkylated product 29 could be isolated from the reaction mixture is in good agreement with results from Schafer et al. 5n and the remaining double bond offers a promising chance for further functionalization. Finally, 3-bromocyclohexene turned out to be unreactive under the reaction conditions while 3-methoxycyclohexene (30) underwent a nucleophilic substitution reaction that delivered the tertiary amine 31 in 61% yield (Scheme 3). The assumption that the latter process does not require the presence of a titanium catalyst is strongly supported by the fact that product 31 could also be isolated in comparable yield (58%) from a control experiment performed in the absence of 6.
Encouraged by the promising results obtained with N-methylaniline (2) we next turned our attention towards hydroaminoalkylation reactions of α-and (E)-β-methylstyrene with various other secondary amines ( Table 2 ). The unsymmetrically substituted styrenes were chosen as substrates to get further information about the regioselectivity of the hydroaminoalkylation. Initial reactions of α-methylstyrene (9) with the donor-and acceptor-substituted N-methylanilines 32-34 ( Table 2 , entries 1-3) performed at 180°C in the presence of 10 mol% 6 showed that both classes of substituents are generally tolerated and the para-substituents do not affect the regioselectivity of the hydroaminoalkylation. In all cases, the regioselectivity was determined to be 99 : 1 in favor of the branched product a which is formed by hydroaminoalkylation at the sterically more hindered α-carbon of 9. On the other hand, the nature of the substituent on the benzene ring of the N-methylaniline seems to influence the efficiency of the reaction significantly. For example, N-methylaniline 33 bearing an electron-withdrawing para-fluoro substituent on the benzene ring gave the hydroaminoalkylation product 40a in 98% yield ( Table 2 , entry 2) while the corresponding donor-substituted substrate para-phenoxy-N-methylaniline (34) delivered the corresponding product 41a only in significantly reduced yield of 67% (Table 2 , entry 3). This trend in reactivity is further supported by the observation that para-methyl-N-methylaniline (32) with its weak electron-donating methyl substituent gave the hydroaminoalkylation product 39a in 88% yield ( Table 2 , entry 1) which is comparable to the result obtained with N-methylaniline (2, 86%, Table 1 , entry 6). The well-established fact that the efficiency of titanium-catalyzed hydroaminoalkylation reactions of alkenes is strongly influenced by the steric bulk of the amine 7b,d,i is in good agreement with our observation that the sterically more demanding amines N-benzylaniline (35, Table 2 , entry 4), N-ethylaniline, N-propylaniline, 1,2,3,4-tetrahydroquinoline, and ortho-methyl-N-methylaniline failed to react with α-methylstyrene (9) in the presence of catalyst 6. On the other hand, the dialkylamines N-methylcylohexylamine (36) and N-methylhexylamine (37) ( Table 2 , entries 5 and 6) were found to undergo highly regioselective hydroaminoalkylation with 9 under identical reaction conditions. Unfortunately, the branched products which were always formed with excellent regioselectivity (a/b = 99 : 1) could only be obtained in modest to poor yields (14-49%) after derivatization as the corresponding para-toluenesulfonamides 42a and 43a. The observation that both reactions took place at the methyl group of the amines exclusively is in good agreement with results obtained before with N-methylcylohexylamine (36) and N-methylhexylamine (37). 5e,j,k,n,7f,g,i Finally, it must be noted that no successful alkylation of N-methylbenzylamine (38, Table 2 , entry 7) could be achieved with α-methylstyrene (9). Additional hydroaminoalkylation reactions performed with (E)-β-methylstyrene (11, Table 2 , entries 8-14) then revealed that 11 is significantly less reactive than α-methylstyrene (9) and as a result, the corresponding hydroaminoalkylation products could only be obtained in modest to poor yields (14-65%). However, the trend in reactivity observed with the N-methylanilines 32-34 ( Table 2 , entries 8-10) is in good agreement with the results obtained with α-methylstyrene (9, Table 2 , entries 1-3). Again, the para-fluoro-substituted aniline 33 gave the best result (65% yield) while the electron-donating para-phenoxy substituent present in 34 caused a severe drop in yield (14%). Among the dialkylamines 36-38 (Table 2 , entries 12-14), again only N-methylcylohexylamine (36) and N-methylhexylamine (37) reacted successfully with 11 and in these cases, the products could be isolated after derivatization as the corresponding para-toluenesulfonamides 47b and 48b in 38% and 41% yield, respectively. On the other hand, no reaction could be achieved with N-methylbenzylamine (38) and the sterically more demanding substrate N-benzylaniline (35, Table 2 , entries 11 and 14). However, as described above (Table 1 , entry 9), all successful hydroaminoalkylation reactions of (E)-β-methylstyrene (11) took place with excellent regioselectivities (≥98 : 2) at the sterically less hindered β-carbon of 11 giving access to 3-phenylpropylamine derivatives.
Owing to the electronic similarities between styrenes and conjugated dienes, we next turned our attention towards hydroaminoalkylation reactions of substituted 1,3-butadienes. Corresponding reactions are extremely rare in the literature 4,7h,i and so far, Ind 2 TiMe 2 (Ind = η 5 -indenyl) 7h and aminopyridinato titanium complex 5 7i represent the only suitable early transition metal catalysts for the intermolecular hydroaminoalkylation of 1-aryl-and 1-alkyl-substituted 1,3-butadienes. Unfortunately, the titanium-catalyzed reaction is limited to selected N-methylanilines and the efficiency of the reaction strongly depends on the substituents bound to the 1,3-diene or the benzene ring of the N-methylaniline. For example, reactions performed with the chloro-substituted substrates parachloro-N-methylaniline or (E)-1-( para-chlorophenyl)-1,3-butadiene gave the corresponding hydroaminoalkylation products only in poor yields (≤37%) and in addition, dialkylamines or Initial hydroaminoalkylation reactions of (E)-1-phenyl-1,3-butadiene (49) with various para-substituted N-methylanilines were performed in the presence of 10 mol% 6 at 120°C. The relatively low reaction temperature was chosen because it has already been observed that dimerization of the 1,3-butadiene by DielsAlder cycloaddition becomes a yield-reducing side reaction at temperatures above 130°C. 7h As can be seen from Table 3 , entries 1-7, successful hydroaminoalkylation could be achieved with electron donor-(34, 55-58) and electron acceptor-substituted N-methylanilines (59) and in all cases, only the terminal double bond of the diene reacted. Owing to their better separation from other nitrogen-containing molecules in the reaction mixture, the hydroaminoalkylation products were isolated after conversion into their corresponding acetamides (AcCl, NEt 3 , CH 2 Cl 2 , rt). Although the products 60-66a/b could be obtained with good to modest yields (45-82%), the regioselectivity of the hydroaminoalkylation was always close to 1 : 1 which is worse compared to typical regioselectivities obtained with the catalysts 5 or Ind 2 TiMe 2 . With the latter catalyst, formation of the branched regioisomer was usually favored and 1 : 99 14 ---a Reaction conditions: amine (2.0 mmol), alkene (3.0 mmol), 6 (109 mg, 0.2 mmol, 10 mol%), n-hexane (1 mL), 180°C, 96 h, sealed Schlenk tube. Yields refer to the yield of the isolated product (a or b). b GC analysis prior to chromatography. c The product was isolated after derivatization as the corresponding para-toluenesulfonamide. d The reaction took place at the methyl group of the amine exclusively. (1) e Directly isolated as the corresponding amine (without acetylation).
selectivities between 2 : 1 and 3 : 1 7h could be achieved while 5 produced linear regioisomers almost exclusively. 7i In this context, it should be noted that separation of the regioisomers is possible by chromatography. On the other hand, it is worth mentioning that with several substrates significantly improved yields were obtained with the new catalyst 6. For example, para-chloro-N-methylaniline (59) gave a mixture of the corresponding products 66a and 66b in 65% combined yield (Table 3 , entry 7) while the corresponding reaction performed with Ind 2 TiMe 2 gave the same products only in 6% yield. 7h In addition, a significantly improved yield (46% versus 23% 7h ) was obtained with para-methoxy-N-methylaniline (55) and it was also possible to perform the hydroaminoalkylation with para-trifluoromethoxy-N-methylaniline (56, Table 3 , entry 4). Amine 56 represents a highly promising substrate because the para-trifluoromethoxy group is often present in synthetic agrochemicals and pharmaceuticals. 9 Impressively, even para-thiomethyl-N-methylaniline (57) which does not undergo hydroaminoalkylation with 49 in the presence of Ind 2 TiMe 2 did react in the presence of catalyst 6 ( Table 3 , entry 5).
Additional reactions between N-methylaniline (2) and 1,3-butadienes 50-54 (Table 3 , entries 8-12) delivered mixtures of the branched and the linear hydroaminoalkylation products 67-71a/b in good to modest yields but again, only with poor regioselectivities. In this context, it must be mentioned that a third product was formed during reactions of the 1-alkyl-substituted dienes (E)-1,3-decadiene (52) and (E)-6-phenyl-1,3-hexadiene (53, Table 3 , entries 10 and 11). These additionally formed products were identified to be branched hydroaminoalkylation products with an isomerized double bond. The formation of two branched isomeric olefins from 2 and 52 was confirmed by hydrogenation of a mixture of 69a and its isomer with Pd/C which gave the corresponding saturated compound N-phenyl-N-(2-methyldecyl)acetamide (72) as the sole hydrogenation product in 85% yield. On the other hand, formation of additional linear hydroaminoalkylation products with isomerized double bond was not observed in the presence of catalyst 6. This is in sharp contrast to the finding that linear products with isomerized double bond are formed during hydroaminoalkylation reactions of 1,3-butadienes catalyzed by aminopyridinato titanium catalyst 5. 7i Finally, it was found that even the 1,2-disubstituted 1,3-diene 54 undergoes successful hydroaminoalkylation with 2. The corresponding products 71a and 71b were obtained in 73% combined yield and the regioselectivity was determined to be 51 : 49 (Table 3 , entry 12). In this context, it is worth mentioning that 54 and 2 are exclusively converted into the branched hydroaminoalkylation product with the catalyst Ind 2 TiMe 2 .
Because hydroaminoalkylation reactions of styrenes with N-alkylanilines catalyzed by aminopyridinato complex 4 have already revealed that the regioselectivity in favor of the linear product increases with increasing size of the N-alkyl substituent, 7g we additionally tried to react (E)-1-phenyl-1,3-butadiene (49) with the sterically more demanding amines Nbenzylaniline (35), N-methylcylohexylamine (36), N-methylhexylamine (37), and N-methylbenzylamine (38). All reactions were performed with 10 mol% 6 in n-hexane at 120°C in sealed Schlenk tubes and after 48 h, the reaction mixtures were analyzed by GC. During this study, it was found that among the four amines, only N-methylbenzylamine (38) underwent successful hydroaminoalkylation with 49 in the presence of catalyst 6 (Table 4 , entry 1). Interestingly and in good agreement with the behavior of aminopyridinato catalyst 4, a high regioselectivity of 93 : 7 in favor of the linear hydroaminoalkylation product was observed and after conversion into the corresponding para-toluenesulfonamide and purification by chromatography, the linear product 76b was isolated in 58% yield. Due to the high regioselectivity of the reaction, the branched product could not be isolated but the NMR spectra of 76b showed very weak signal sets, which could be assigned to trace impurities of the branched product. In this context, it must also be mentioned that the isolated material additionally contained minor amounts of tosylated N-methylbenzylamine formed from unreacted amine 38. Interestingly and in contrast to the reactions of N-methylcylohexylamine (36) and N-methylhexylamine (37) with α-and (E)-β-methylstyrene (9 and 11, With these results in hand, we finally used the para-substituted 1-phenyl-1,3-butadienes 50, 51, and 73 as well as the ortho-substituted dienes 74 and 75 for hydroaminoalkylation reactions with amine 38 (Table 4 , entries 2-6). The results obtained with these substrates clearly prove that electron-withdrawing chloro or fluoro substituents (Table 4 , entries 2 and 3) and electron-donating methyl or methoxy groups (Table 4 , entries 4-6) as well as ortho-substitution of the phenyl ring (Table 4 , entries 5 and 6) are tolerated with no significant impact on the yield (60-71%) and the regioselectivity (13 : 87-8 : 92) of the reaction. The latter finding is in good agreement with the remote position of the phenyl substituent relative to the reacting double bond of the diene. 7h However, in all cases, again only the linear hydroaminoalkylation products 77-81b could be isolated from the reaction mixtures and the branched products were only detected by GC or as trace impurities in the NMR spectra of the isolated linear products. In this context, it is worth mentioning that corresponding δ-alkenylamine derivatives are promising substrates for the synthesis of cis-N-methyl-2,5-disubstituted pyrrolidines. 10 Although Table 4 summarizes the first successful examples of hydroaminoalkylation reactions of conjugated dienes with N-methylbenzylamine (38), complex 6 unfortunately failed to catalyze a number of closely related reactions. For example, 1-phenyl-substituted 1,3-butadienes bearing additional methyl or chloro substituents in the 2-position of the diene system did not undergo the reaction and the 1-alkyl-substituted 1,3-butadiene 52 delivered only trace amounts of the expected hydroaminoalkylation products which could only be detected and characterized by GC/MS analysis. In addition, even a small variation of the N-methylbenzylamine motif resulted in a lack of reactivity. Neither N-ethyl-, N-iso-propyl-, N-cyclohexyl-, N-benzyl-, nor N-(2-phenylethyl)-substituted benzylamines underwent successful hydroaminoalkylation with (E)-1-phenyl-1,3-butadiene (49) in the presence of catalyst 6.
Conclusions
In summary, we have shown that the easily accessible titanium mono(formamidinate) complex 6 8a which bears 2,6-diisopropylphenyl groups as the amidinate N-substituents is a highly active catalyst for the regioselective intermolecular hydroaminoalkylation of unactivated, sterically demanding 1,1-and 1,2-disubstituted alkenes and styrenes with secondary amines. While corresponding reactions of 1,1-disubstituted alkenes and styrenes give access to the branched hydroaminoalkylation products exclusively, (E)-β-methylstyrene selectively reacts at the sterically less hindered β-carbon. In addition, with catalyst 6, it is also possible for the first time to convert 1-phenyl-substituted (E)-1,3-butadienes and N-methylbenzylamine into δ-alkenylamine derivatives.
Experimental

General information
All reactions were performed under an inert atmosphere of nitrogen in oven-dried Schlenk tubes (Duran glassware, 100 mL, ø = 30 mm) equipped with Teflon stopcocks and mag- a Only the isolated, linear product is presented. b Reaction conditions: (1) N-methylbenzylamine (38, 242 mg, 2.0 mmol), diene (3.0 mmol), 6 (109 mg, 0.2 mmol, 10 mol%), n-hexane (1 mL), 120°C, 48 h, sealed Schlenk tube; (2) para-toluenesulfonyl chloride (763 mg, 4.0 mmol), pyridine (10 mL), 25°C, 16 h. Yields refer to the yield of the isolated linear product (b) .
c GC analysis prior to tosylation and chromatography.
netic stirring bars (15 × 4.5 mm). Prior to use, all alkenes, styrenes, and amines were distilled and degassed. n-Hexane was purified by distillation from sodium wire and degassed. The alkenes, styrenes, amines, and n-hexane were stored in a nitrogen-filled glove box. Catalyst 6 8a and the dienes 7h,i were synthesized according to literature procedures and stored in a nitrogen-filled glove box. All other chemicals were purchased from commercial sources and were used without further purification. Unless otherwise noted, the ratio of regioisomers was determined by gas chromatography prior to flash column chromatography. For thin layer chromatography, silica on TLC aluminium foils with fluorescent indicator 254 nm was used.
The substances were detected with UV light and/or iodine. For flash column chromatography, silica gel ( particle size 0.037-0.063 mm) was used. General procedure A for the hydroaminoalkylation of disubstituted alkenes and styrenes with N-substituted arylamines (Tables 1 and 2) An oven dried Schlenk tube equipped with a Teflon stopcock and a magnetic stirring bar was transferred into a nitrogenfilled glovebox and charged with complex 6 (109 mg, 0.2 mmol, 10 mol%) and n-hexane (0.5 mL). Afterwards the N-substituted arylamine (2.0 mmol), the alkene or styrene (3.0 mmol), and n-hexane (0.5 mL) were added. After heating the mixture to 180°C for 96 h, the mixture was cooled to room temperature and dichloromethane (40 mL) was added. Then the regioselectivity of the reaction was determined by GC (if applicable) and finally, the crude product was purified by flash column chromatography (SiO 2 ).
General procedure B for the hydroaminoalkylation of disubstituted styrenes with dialkylamines (Table 2) An oven dried Schlenk tube equipped with a Teflon stopcock and a magnetic stirring bar was transferred into a nitrogenfilled glovebox and charged with complex 6 (109 mg, 0.2 mmol, 10 mol%) and n-hexane (0.5 mL). Afterwards the dialkylamine (2.0 mmol), the styrene (3.0 mmol), and n-hexane (0.5 mL) were added. After heating the mixture to 180°C for 96 h, the crude product was transferred to a 100 mL round-bottomed flask and the Schlenk tube was rinsed with dichloromethane (4 × 10 mL). The regioselectivity of the reaction was determined by GC and subsequently, the combined solutions were concentrated under vacuum to a total volume of 10 mL. The resulting mixture was then treated with 2 N aqueous NaOH (5 mL, 10.0 mmol) and para-toluenesulfonyl chloride (572 mg, 3.0 mmol). The resulting biphasic mixture was stirred vigorously at room temperature for 20 h before the solution was partitioned between dichloromethane (50 mL) and water (20 mL). The formed layers were separated, the aqueous one was extracted with dichloromethane (3 × 10 mL) and the combined organic layers were dried with MgSO 4 . After concentration under vacuum, the product was isolated by flash column chromatography (SiO 2 ).
General procedure C for the hydroaminoalkylation of 1,3-dienes with N-methylanilines (Table 3) An oven dried Schlenk tube equipped with a Teflon stopcock and a magnetic stirring bar was transferred into a nitrogenfilled glovebox and charged with 6 (109 mg, 0.20 mmol, 10 mol%), the diene (3.0 mmol), the amine (2.0 mmol), and n-hexane (1 mL). Then the tube was sealed and the resulting mixture was heated to 120°C for 48 h. After the mixture had been cooled to room temperature, tert-butyl methyl ether (30 mL) was added and the regioselectivity of the reaction was determined by GC. To achieve a better separation of the products from remaining N-methylanilines, acetyl chloride (1 M in CH 2 Cl 2 , 4 mL, 4 mmol), and triethylamine (405 mg, 4 mmol) were added and the reaction mixture was stirred at room temperature for 16 h. Finally, the solvent was removed in the presence of Celite® and the residue was purified by flash column chromatography (SiO 2 ).
General procedure D for the hydroaminoalkylation of 1,3-dienes with N-methylbenzylamine (38, Table 4 )
An oven dried Schlenk tube equipped with a Teflon stopcock and a magnetic stirring bar was transferred into a nitrogenfilled glovebox and charged with 6 (109 mg, 0.20 mmol, 10 mol%), the diene (3.0 mmol), N-methylbenzylamine (38, 242 mg, 2.0 mmol), and n-hexane (1 mL). Then the tube was sealed and the resulting mixture was heated to 120°C for 48 h. After the mixture had been cooled to room temperature, tertbutyl methyl ether (30 mL) was added and the regioselectivity of the reaction was determined by GC. Then the solvent was removed under reduced pressure and pyridine (10 mL) and para-toluenesulfonyl chloride (763 mg, 4.0 mmol) were added. After the resulting mixture had been stirred overnight at room temperature, dichloromethane (50 mL) was added and the organic mixture was extracted with aqueous HCl (4 M, 50 mL). Then the aqueous layer was extracted with dichloromethane (3 × 15 mL) and the combined organic layers were dried with MgSO 4 and concentrated under reduced pressure in the presence of silica gel. (Note: The use of Celite® instead of silica gel leads to significantly reduced yields.) Finally, the product was purified by flash column chromatography (SiO 2 ). Amines 25a and 25b. General procedure A was used to synthesize 25a and 25b from N-methylaniline (2, 214 mg, 2.0 mmol) and indene (12, 348 mg, 3.0 mmol). Purification by flash column chromatography (PE-MTBE, 80 : 1) gave three fractions as oils. Fraction 1 contained pure compound 25a (30 mg, 0.13 mmol, 7%), fraction 2 contained a mixture of 25a and 25b (203 mg, 0.91 mmol, 45%) and fraction 3 contained pure compound 25b (200 mg, 0.90 mmol, 45%) as yellow oils. Prior to chromatography, the ratio 25a/25b was determined to be 34 : 66. 25a: R f = 0.13 (PE-MTBE, 80 : 1). 1 Amine 39a. General procedure A was used to synthesize 39a from para-methyl-N-methylaniline (32, 242 mg, 2.0 mmol) and α-methylstyrene (9, 355 mg, 3.0 mmol). After purification by flash chromatography (PE-EtOAc, 95 : 1), 39a (422 mg, 1.76 mmol, 88%) was isolated as a yellow oil. Prior to chromatography, the ratio 39a/39b was determined to be 99 : 1. 39a: and α-methylstyrene (9, 355 mg, 3.0 mmol) . After purification by flash chromatography (PE-EtOAc, 60 : 1), 41a (424 mg, 1.34 mmol, 67%) was isolated as a yellow solid. Prior to chromatography, the ratio 41a/41b was determined to be 99 : 1 Amine 44b. 7b General procedure A was used to synthesize 44b from para-methyl-N-methylaniline (32, 242 mg, 2.0 mmol) and (E)-β-methylstyrene (11, 355 mg, 3.0 mmol). After purification by flash chromatography (PE-EtOAc, 95 : 1), 44b (150 mg, 0.63 mmol, 31%) was isolated as a yellow oil. Prior to chromatography, the ratio 44a/44b was determined to be 1 : 99. Amine 46b. General procedure A was used to synthesize 46b from para-phenoxy-N-methylaniline (34, 399 mg, 2.0 mmol) and (E)-β-methylstyrene (11, 355 mg, 3.0 mmol). After purification by flash chromatography (PE-EtOAc, 80 : 1 → PE-EtOAc, 20 : 1), 46b (88 mg, 0.28 mmol, 14%) was isolated as a dark yellow solid. Prior to chromatography, the ratio 46a/46b was determined to be 1 : 99. 46b (115 mg, 0.41 mg, 21%) . Fraction 3 contained pure compound 60b (140 mg, 0.50 mmol, 25%). Prior to acetylation and chromatography, the ratio of the branched and the linear product was determined to be 55 : 45. 60a: R f = 0.16 (PE-MTBE, 2 : 1). 1 (E)-N-(2-Methyl-4-phenylbut-3-en-1-yl)-N-(4-(trifluoromethoxy)-phenyl)acetamide (63a) and (E)-N-(5-phenylpent-4-en-1-yl)-N-(4-(trifluoromethoxy)phenyl)-acetamide (63b). General procedure C was used to synthesize 63a and 63b from para-trifluoromethoxy-N-methylaniline (56, 382 mg, 2.0 mmol), and (E)-1-phenyl-1,3-butadiene (49, 391 mg, 3.0 mmol). Purification by flash column chromatography (PE-MTBE, 1 : 1) gave three fractions as oils. Fraction 1 contained pure compound 63a (76 mg, 0.21 mmol, 11%) and fraction 2 contained a mixture of 63a and 63b (412 mg, 1.14 mmol, 57%). Fraction 3 contained pure compound 63b (107 mg, 0.30 mmol, 14%). Prior to acetylation and chromatography, the ratio of the branched and the linear product was determined to be 53 : 47. 63a: R f = 0.28 (PE-MTBE, 1 : 1). 1 . General procedure C was used to synthesize 64a and 64b from para-thiomethyl-N-methylaniline (57, 306 mg, 2.0 mmol) and (E)-1-phenyl-1,3-butadiene (49, 391 mg, 3.0 mmol). Purification by flash column chromatography (PE-MTBE, 1.5 : 1) gave three fractions as oils. Fraction 1 contained pure compound 64a (123 mg, 0.38 mmol, 19%) and fraction 2 contained a mixture of 64a and 64b (149 mg, 0.46 mmol, 23%). Fraction 3 contained pure compound 64b (73 mg, 0.23 mmol, 11%). Prior to acetylation and chromatography, the ratio of the branched and the linear product was determined to be 54 : 46. (E)-N-(4-Isopropylphenyl)-N-(2-methyl-4-phenylbut-3-en-1-yl)-acetamide (65a) and (E)-N-(4-isopropylphenyl)-N-(5-phenylpent-4-en-1-yl)acetamide (65b). General procedure C was used to synthesize 65a and 65b from para-isopropyl-N-methylaniline (58, 299 mg, 2.0 mmol) and (E)-1-phenyl-1,3-butadiene (49, 391 mg, 3.0 mmol). Purification by flash column chromatography (PE-MTBE, 1.5 : 1) gave three fractions as oils. Fraction 1 contained pure compound 65a (74 mg, 0.23 mmol, 12%) and fraction 2 contained a mixture of 65a and 65b (278 mg, 0.87 mmol, 43%). Fraction 3 contained pure compound 65b (61 mg, 0.19 mmol, 9%). Prior to acetylation and chromatography, the ratio of the branched and the linear product was determined to be 53 : 47. 65a 7h General procedure C was used to synthesize 67a and 67b from N-methylaniline (2, 214 mg, 2.0 mmol) and (E)-1-( para-chlorophenyl)-1,3-butadiene (50, 494 mg, 3.0 mmol). Purification by flash column chromatography (PE-MTBE, 2 : 1) gave three fractions as oils. Fraction 1 contained pure compound 67a (65 mg, 0.21 mmol, 10%) and fraction 2 contained a mixture of 67a and 67b (150 mg, 0.48 mmol, 25%). Fraction 3 contained pure compound 67b (109 mg, 0.35 mmol, 17%). Prior to acetylation and chromatography, the ratio of the branched and the linear product was determined to be 50 : 50. 67a: R f = 0.19 (PE-MTBE, 2 : 1 
mmol) and (E)-2-octene (17, 337 mg, 3.0 mmol). After purification by flash chromatography (PE-EtOAc
) ppm. IR (neat) v max = 2958 (s), 2929 (s), 2858 (m), 1599 (m), 1495 (m), 1465 (m), 1340 (s), 1160 (s), 1091 (m), 815 (m), 757
(m)
, 1589 (m), 1512 (s), 1488 (s), 1232 (s), 869 (s), 832 (s), 745 (s), 700 (s), 692 (s) cm −1 . GC/MS m/z = 317
